Reversed-phase extraction chromatography / α-particle spectroscopy / Relativistic effects Summary. The experimental techniques developed to perform rapid chemical separations of the heaviest elements in the aqueous phase are presented. In general, these include transport of the nuclear reaction products to a separation device by the gas-jet technique and dissolution in an aqueous solution containing inorganic ligands for complex formation. The complexes are chemically characterized by a partition method which can be liquid-liquid extraction, ion-exchangeor reversed-phase extraction chromatography. The separated fractions are quickly evaporated to dryness for the preparation of samples for α-particle spectroscopy. Comments are given on the special situation in which chemistry has to be studied with single atoms. Theoretical predictions of chemical properties are compared to the presently known chemical behaviour of rutherfordium, Rf (element 104), dubnium, Db (element 105), seaborgium, Sg (element 106), and hassium, Hs (element 108) and to that of their lighter homologs in the Periodic Table in order to assess the role of relativistic effects in the chemistry of the heaviest elements.
Introduction
According to the actinide concept [1] , the 5 f series in the Periodic Table of the elements begins with thorium, Th (element 90), and ends with lawrencium, Lr (element 103) and a new 6d transition series is predicted to begin with rutherfordium, Rf (element 104) [2] . Hence, the 6d elements 104 through 112 have been placed in the Periodic Table under their lighter homologs in the 5d series Hf, Ta, W, Re, Os, Ir, Pt, Au, and Hg. The first 7 p element, eka-thallium (element 113), has been synthesized at RIKEN, Japan [3] . Evidence for the syntheses of elements 112 through 118 in 48 Ca induced fusion reactions with actinide targets reported by the Dubna laboratory [4, 5] means that further 7 p elements eka-lead, eka-bismuth, eka-polonium, eka-astatine, and eka-radon have been synthesized. In the case of 283 112 (that is 283 Cn), the data obtained with the Dubna Gas-Filled Recoil Separator (DGFRS) [6, 7] were reproduced at GSI, Darmstadt, with the velocity filter SHIP [8] . The same decay pattern was measured in a gas-phase chemistry experiment where 283 Cn was produced through α decay of 287 114 *E-mail: jvkratz@uni-mainz.de.
in the 48 Ca + 242 Pu reaction [9] [10] [11] . Independent verification of 286, 287 114 in the 48 Ca + 242 Pu reaction was reported from Berkeley [12] . The data for 288, 289 114 were reproduced at the TransActinide Separator and Chemistry Apparatus (TASCA) at GSI, Darmstadt [13] .
The peculiar arrangement of the first 5 actinides in some representations of the Periodic Table (see for example the cover of the textbook by Adloff and Guillaumont [14] and Fig. 1 in the contribution by Y. Nagame and M. Hirata to this special issue [15] ) with a shifted position with respect to the other actinides reflects the fact that, due to a large delocalization of their 5 f electron orbitals, the 5 f electrons take part in their chemistry, a feature that is much less pronounced in the 4 f series of the lanthanides. This makes Th a pseudohomolog of the group-4 elements Zr and Hf, Pa a pseudohomolog of Nb and Ta, and, to a decreasing extent, U, Np, and Pu pseudo-homologs in groups 6, 7, and 8, respectively. The more uniform actinide behaviour is found only in the second half of the actinide series starting with Am.
Investigating the chemical properties of the transactinides is challenging both experimentally and theoretically. Due to increasingly strong relativistic effects, increasing deviations from the periodicity of the chemical properties based on linear extrapolations from the lighter homologs in the Periodic Table have been predicted for some time [2] . They result from the increasingly strong Coulomb field of the highly charged nucleus which stabilizes and contracts the spherical s and p 1/2 orbitals. This, in turn, destabilizes and expands the p 3/2 , d, and f orbitals. Thus electron configurations, different from those known for the lighter homologs, may occur as well as unusual oxidation states and radii. Relativistic quantum-chemical calculations of molecules combined with fundamental physico-chemical considerations of the interaction of these molecules with their chemical environment [16, 17] now allow detailed predictions of the chemical properties of the heaviest elements and of those of their lighter homologs. Also, empirical extrapolations assuming linear regularities in the groups and periods of the Periodic Table are valuable to assess the significance of relativistic effects in the transactinides. However, these empirical extrapolations cannot be regarded as purely non-relativistic since relativistic effects are present already in the lighter elements and are increasing down the groups in the Periodic Table. Thus, the experimenter's approach will generally involve a detailed comparison of the chemical properties of the transactinides with those of their lighter homologs (and pseudo-homologs) under identical conditions, as well as with results of relativistic molecularorbital (MO) calculations in order to explore the role of relativistic effects in the chemistry of the heaviest elements.
For rutherfordium in aqueous solutions, early experiments exploited the complexing with α-hydroxiisobutyrate (α-HIB) [18] and the formation of chloride anions [19] and thus confirmed a behavior radically different from that of the heavy actinides. Although these were key experiments demonstrating that a new transition element series, the 6d series, begins with element 104, none of these experiments provided a detailed study of rutherfordium chemistry.
The results of the first generation experiments on the chemistry of the early transactinides were summarized by Keller and Seaborg [20] , Hulet [21] , Keller [22] , and Silva [23] .
A renewed interest in studying the chemical properties of the transactinide elements in more detail both experimentally and theoretically arose starting in the late 1980s, see, e.g., Hoffman [24] [25] [26] , Kratz [27, 28] , Schädel [29] , Kratz [30] , Schädel [31] , Kratz [32] [33] [34] , Schädel [35] , and Kratz [43] for recent reviews. This extensive series of detailed investigations was made possible by the development of new experimental techniques such as computer-controlled automated systems that have greatly improved our ability to perform rapidly and reproducibly large numbers of chromatographic separations on miniaturized columns in the liquid phase and to detect the transactinides through their characteristic α decay and preferably by αα-motherdaughter correlations. These techniques have produced detailed and sometimes surprising results that called for a detailed theoretical modeling of the chemical species with improved quantum-chemical codes.
Synthesis and decay of transactinides
Transactinides are being synthesized in nuclear fusion reactions with heavy-ion projectiles. Details of the production and decay of the heaviest elements are discussed in a number Table 1 . Nuclides from nuclear fusion reactions used in transactinide chemistry [43] .
Nuclide
Half Dvorak et al. [41, 42] a: Assuming typical values of 0.8 mg/cm 2 target thickness and 3 × 10 12 s −1 beam particles. b: Nuclide observed as a 'by-product' or discovered in a radiochemical experiment. * Estimated from measured E α . of reviews by Armbruster [36] , Münzenberg [37] , Münzen-berg and Hofmann [38] , Oganessian [4] , see also the reviews by Hofmann [39] and Oganessian [40] in this special issue. The production rates rapidly decrease from about 1 atom per minute for element 104 to 1 atom per several days for the heaviest man-made elements. Half-lives decreasing from about one minute to the order of magnitude of one millisecond for the longest lived isotope of these elements present an additional challenge, especially for chemical investigations. Low production rates and short half-lives lead to the situation in which, on the average, each synthesized atom has decayed before a new one is made. The consequences for chemical studies performed with one atom at a time are discussed in the next section.
Cold fusion reactions in which 50 Ti, 54 Cr, 58 Fe, 62, 64 Ni, and 70 Zn projectiles are fused with 208 Pb and 209 Bi targets tend to give the highest cross sections, however, the neutron deficient product nuclei in these reactions have half-lives of mostly less than one second. This is too short for most existing chemical techniques, in particular for those which allow the study of detailed chemical properties. More neutron rich and, hence, longer lived products are obtained in hot fusion reactions of 18 O, 22 Ne, 26 Mg, 34 S, and 48 Ca projectiles with actinide targets such as 238 [41, 42] with cross sections on the order of 7 pb, 3 pb, and 3 pb, respectively, and used for chemical and nuclear studies of element 108, hassium. The reactions used for chemical studies are summarized in Table 1 .
Single-atom chemistry
For a chemical reaction
the change of the Gibbs free energy is
where the brackets indicate activities (concentrations) of the substances involved. According to the law of 'mass action',
where K is the equilibrium constant. In equilibrium, ΔG = 0, and
This is well established for macroscopic quantities where, e.g., ions of the metal M are constituents of A and X at the same time, and Eq. (1) characterizes a dynamical, reversible process in which reactants and products are continuously transformed into each other back and forth even at equilibrium. If only one atom of M is present, it cannot be constituent of A and X at the same time, and at least one of the activities on the left or right hand side of Eq. (1) is zero. Consequently, an equilibrium constant can no longer be defined, and the same holds for the thermodynamic function ΔG 0 . Does it make sense, then, to study chemical equilibria with a single atom? Guillaumont et al. [52, 53] , in view of this dilemma, have pointed out that chemical speciation of nuclides at the tracer scale is usually feasible with partition methods in which the species to be characterized is distributed between two phases. This can be an aqueous and an organic phase or a solid phase and the gas phase. According to Guillaumont et al. [52] , single-atom chemistry requires the introduction of a specific thermodynamic function, the single-particle Gibbs free energy. An expression equivalent to the law of mass action is derived by Guillaumont et al. [52] in which activities (concentrations) are replaced by the probability of finding the species in the appropriate phase. According to this law, an equilibrium constant, i.e., the distribution coefficient K d of M between two phases, is correctly defined in terms of the probabilities of finding M in one phase or the other. If a static partition method is used, this coefficient must be measured many times in repetitive experiments. Since dynamical partition methods (chromatographic separations) can be considered as spatially repetitive static partitions, the displacement of M along the chromatographic column, in itself, is a statistical result and only one experiment is necessary, in principle. This underlines the validity of partition experiments with single atoms and the particular attractivity of chromatographic methods in single-atom chemistry.
For short-lived atoms, additional considerations with regard to the kinetics are in order. The partition equilibrium must be reached during the lifetime of the atom which requires high reaction rates. Let us consider a single-step exchange reaction
Here, M is the single atom that can bind with either X or Y, and k 1 and k 2 are the rate constants for the reactions forth and back. are high, the reaction proceeds very slowly. The transitions from left to right and from right to left do not occur with sufficient frequency and the system is far from its thermodynamical equilibrium. Borg and Dienes [54] found that only if ΔG # is less than 15 kcal (60 kJ), then the residence time of M in either state (MX or MY) is rather short (< 1 s) and an equilibrium is rapidly reached (in comparison with the nuclear half-lives of the transactinides). Borg and Dienes point out that the average time that M spends as MX or MY is proportional to the equilibrium constant. Thus, a measurement of the partition of M between the states MX and MY with very few atoms of M will already yield an equilibrium constant close to the 'true' value provided that both states are rapidly sampled. This shows again that chromatographic systems with fast kinetics are ideally suited for single-atom separations as there is rapid, multiple sampling of the absorbed or mobile species. The fractional average time that M spends as the absorbed species (which is proportional to the equilibrium constant, see above) is closely related to the chromatographic observable, the retention time.
Experimental techniques

Target and transport systems
A scheme of a target-and recoil chamber is shown in Fig. 2 . Heavy-ion beams pass through a vacuum isolation window, a volume of nitrogen cooling gas, and a target backing before interacting with the target material. Reaction products recoiling out of the target are thermalized in a volume of He gas loaded with aerosol particles of 10-200 nm size to which the reaction products attach. At a flow rate of about 2 L/min the transport gas with the aerosols is transported through capillary tubes (∼ 1.5 mm inner diameter) to the chemistry apparatus where it deposits the reaction products. He/aerosol-jets allow transportation over distances of several tens of meters with yields of about 50% [55] [56] [57] . Transport times are on the order of 2-5 s. Aerosol materials are selected such as to minimize their influence on the chemical procedures. Separations in the aqueous phase often use KCl particles as aerosols.
Recent important developments in the field of target and transport systems are the use of i) rotating target wheels [59] that allow for higher beam intensities, and ii) pre-separation of the fusion-evaporation residues in an electromagnetic separator such as the Berkeley Gas-Filled Separator BGS [60, 61] or the newly commissioned TransActinide Separator and Chemistry Apparatus TASCA at the GSI Helmholtz center for heavy ion research, Darmstadt [62] , both coupling the chemistry apparatus to the Fig. 2 . Schematic representation of a target and recoil chamber arrangement with He/aerosoljet [58] . Reprinted with the permission of Oldenbourg Wissenschaftsverlag, München.
separator via a He/KCl gas jet leaving a Recoil Transfer Chamber RTC in the focal plane, and iii) avoiding vacuum windows by differential pumping in the target area.
Aqueous chemistry
Aqueous chemistry has been performed mostly in a discontinuous, batch-wise manner. It is then necessary, in order to get statistically significant result, to repeat the same experiment several hundred or even several thousand times with a cycle time of typically 1 min. These discontinuous studies were either performed manually [55, [63] [64] [65] [66] [67] [68] or with the Automated Rapid Chemistry Apparatus ARCA II [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] or with the Automated Ion-exchange separation apparatus coupled with the Detection system for Alpha spectroscopy AIDA [81] .
One of the manual separations made use of the characteristic adsorption of the group-5 elements Nb, Ta, and element 105 from nitric acid on glass surfaces [55] . Another used thin film ferrocyanide surfaces for the study of the hydrolysis of rutherfordium [66] . All other manual separations were liquid-liquid extractions typically comprising the following steps: the KCl aerosol with the reaction products was collected on a platinum or Teflon™ slip for 60 to 90 s, picked up with 10 μL of the aqueous phase and transferred to a 1 mL centrifuge cone containing 20 μL of the organic phase. The phases were mixed ultrasonically for 5 s and centrifuged for 10 s for phase separation. The organic phase was transferred to a glass cover slip, evaporated to dryness on a hot plate, and placed over a PIPS detector. This procedure took about 1 min and was mainly applied to study the aqueous chemistry of element 104 with the isotope 78 s 261a Rf [63-65, 67, 68] . A serious drawback of these latter investigations is that only the organic phase was assayed for 261a Rf; the aqueous phase was not counted.
Automated separations with ARCA II were performed with element 104 [75, 79] , element 105 [69-72, 77, 78] , and element 106 [73, 74, 76] . ARCA II is a computer controlled apparatus for fast, repetitive High Performance Liquid Chromatography (HPLC) separations [80] . A schematic representation of ARCA II is shown in Fig. 3 .
ARCA II consists of a central catcher-chemistry part incorporating the sliders SL1-SL3, and two movable magazines containing 20 of the chromatographic columns C 1 , C 2 (1.6 mm i.d. × 8 mm) each, and peripheral components, i.e. three chemically inert HPLC pumps, P 1 -P 3 , and a number of pneumatically driven four-way slider valves, S1-S4. Each pump pumps one eluent, in case of the separations of element 105 in mixed HCl/HF solutions [69] , one 12 M HCl/0.02 M HF, another 4 M HCl/0.02 M HF, and the third 6 M HNO 3 /0.015 M HF, through Teflon tubing of 0.3 mm inner diameter to the central catcher-chemistry unit. The He(KCl) gas jet deposits the transported reaction products continuously onto one of two polyethylene frits F. After 1 min collection, the frit is moved on top of one of the microcolumns C1, washed with 12 M HCl/0.02 M HF, whereby the reaction products are dissolved, complexed, and extracted into the organic phase (the columns are filled with Teflon™ grains coated with tri-isooctyl amine, TiOA), while the non-extractable species (notably the actinides) run through into the waste, W3. The column is then washed with 4 M HCl/0.02 M HF, and the effluent (containing Nb, Pa, and element 105) is directed through SL 2 to the fraction collector FC where it is collected on a Ta disc and quickly evap- orated to dryness by intense IR light and hot He gas. Next, the Ta fraction is eluted with 6 M HNO 3 /0.015 M HF, collected on a Ta disc, and evaporated to dryness. The Ta discs are inserted into the counting chambers about 55 s after the end of collection. 5 s later, the next 1 min collection on the twin frit is complete. That frit is moved on top of the column C2 contained in the opposite magazine, and the next separation cycle is carried out. After each separation, the magazine is moved by one step, thus introducing a new column into the elution position. In this way, the time-consuming reconditioning of used columns and cross-contaminations from previous separations are avoided. After 40 min of continuous collection and separation cycles, the program is stopped, the used magazines are removed, two new magazines are introduced, and another 40 cycles are started. More than 7800 of such and similar ARCA II experiments have been conducted in the study of element 105 so far. Fig. 4 shows an example for such a separation [80] . The upper part is the result of a manually operated HPLC separation on a TiOA/Teflon™ column (1.7 mm i.d. × 11 mm). Radioactive tracers of lanthanides (Ln), actinides (An), Zr, Hf, Pa, Nb, and Ta are introduced into the system through a sample loop in 12 M HCl/0.02 M HF. Under these conditions, halide complexes of Pa, Nb, and Ta are extracted More recently, an apparatus similar to ARCA II was constructed at JAERI, now JAEA, Tokai, Japan, called AIDA (Automated Ion-exchange separation apparatus coupled with the Detection system for Alpha spectroscopy), see Nagame et al. [81] , and was used for a start-up of transactinide chemistry in Japan. A schematic diagram of the experimental set-ups at JAEA is shown in Fig. 5 . In the modified ARCA, there are two different paths to supply solutions; the first eluent goes through the collection port to the micro column, while the other one is directed to the column without going through the collection port. This minimizes contamination of the strip fraction. A schematic drawing of AIDA is given in Fig. 6 . The Ta discs with the evaporated samples are automatically inserted into the eight vacuum chambers for α spectroscopy.
Continuous isolation procedures have also been developed, the first one for nuclear decay studies of Hf, Ta, and W isotopes by Bruchertseifer et al. [82] which was subsequently applied to element 104 by Szeglowski et al. [83] in combination with a discontinuous sample preparation step. Reaction products transported by an aerosol jet were continuously dissolved in the aqueous phase which was pumped through three consecutive ion-exchange columns (multi-column technique, MCT). Trivalent actinides were retained on the first cation exchange column followed by an anion exchange column to adsorb anionic fluoride complexes of element 104, and a third column filled with a cation exchange resin to collect the trivalent daughter products from the α decay of 261a Rf. At the end of an experiment, the 261 Rf daughter products, 3.0 d 253 Fm and 20 d 253 Es, were stripped from this third column to prepare a sample for offline α spectroscopy. The detection of 253 Es in that sample was proof that 261a Rf had formed anionic fluoride complexes that had been retained on the anion exchange column.
Pfrepper et al. [84, 85] have developed this technique further, thereby making it a quantitative technique capable of measuring distribution coefficients K d . In the conventional off-line chromatography as performed by ARCA II, the distribution coefficient is determined via the retention time (elution position) as
where t r denotes the retention time, t 0 is the column hold-up time due to the free column volume, V is the flow rate of the mobile phase (mL/min), and M is the mass of the ion exchanger (g). As in [83] , the detection of the transactinide isotope itself, 261a Rf , is abandoned and replaced by the detection of its long-lived descendant, 20 d 253 Es. This way, one gains the possibility of a continuous on-line mode over many hours. The feeding of 261a Rf onto the anion exchange column is performed under conditions in which the retention time t r is on the order of the nuclear half-life T 1/2 , i.e., K d values on the order of 10-50 are selected [84] . Similarly to the principle used in the on-line isothermal gas chromatography, one is using the nuclear half-life as an internal clock. As in [83] , three ion exchange columns are used in series; first a cation exchange column that retains the 253 Es from the continuously flowing feed solution. This is necessary as 253 Es could be produced directly by transfer reactions. It follows the true chromatographic column filled with an anion exchange resin. The long lived decay products (whose number is denoted by D 1 ) that are formed by radioactive decay of 261a Rf during its retention time on the anion exchange column are eluted from this column as cations and are fixed on the following cation exchange column. The part of the 261a Rf that survives the retention time on the anion exchange column is eluted from it and passes the following cation exchange column to be subsequently collected in a reservoir in which it decays into the long lived decay products (D 2 ). Thus D 1 and D 2 decay products are isolated separately after the end of the on-line experiment and assayed off-line for α activity of 253 Es. From the ratio of D 1 and D 2 and the nuclear half-life of 261a Rf , one obtains the distribution coefficient
This principle has been applied to rutherfordium in fluoride solutions by Pfrepper et al. [85] and Kronenberg et al. [86] and in preliminary studies of rutherfordium and dubnium by Le Naour et al. [87] .
The centrifuge system SISAK III [88] allows for a continuous separation of nuclides with half-lives down to 1 s at flow rates of typically 0.8 mL/s. The separation is based on multistage liquid-liquid extractions using static mixers and specially designed mini-centrifuges for subsequent phase separation. SISAK was successfully applied to a large number of γ -spectroscopic studies of lighter elements. Recently, a new detection system based on liquid scintillation counting (LSC) was developed for on-line α spectroscopy and SF-detection in the flowing organic phase behind SISAK by Wierczinski et al. [89] . Between α energies of 4.8 and 7.4 MeV, energy resolutions of 210 through 330 keV are achieved. Suppression of interfering β and γ radiation is done by pulse-shape discrimination and pile-up rejection. An on-line model experiment for element 104 was carried out [89] using the α emitter 17 s 161 Hf. However, in experiments with 261a Rf , due to a high level of interfering β and γ radiation, the number of random αα-mother-daughter correlations due to pile-up was too large to allow an unambiguous identification of 261a Rf decay chains. Two solutions of this problem have been pursued recently: (1) The Berkeley GasFilled Separator (BGS) was used by Omtvedt et al. [60, 90] as a preseparator for 257 Rf produced in the 208 Pb( 50 Ti, 1n) reaction followed by the transfer of 257 Rf to a gas jet delivering the activity to the SISAK system. This reduced the interfering β and γ radiation by more than three orders of magnitude thus enabling the unambiguous detection of 257 Rf by LSC. (2) A fast transient recorder was introduced into the data acquisition in order to digitally record the pulse shapes, and a neural network was trained to recognize true α events and to distinguish these from ββ-pileup and βγ -pileup events by Langrock et al. [91] and Eberhardt et al. [92] .
Rutherfordium, Rf (element 104)
Theoretical predictions
Extrapolating the ground state electron configuration of Ti, Zr, and Hf to Rf gives the configuration [Rn]5 f 14 6d 2 7s 2 for the latter. This configuration was also indicated by early relativistic calculations by Fricke [93] and Desclaux [94] in a Dirac-Fock computer code with a single configuration approximation. After multiconfiguration Dirac-Fock (MCDF) calculations had indicated that, because of the relativistic stabilization of the p 1/2 orbital, the electronic structure of lawrencium (element 103) [95, 96] it was extrapolated that element 104 should have a 7s 2 p 2 rather than a 6d 2 7s 2 configuration [97] . This raised the question whether element 104 might be a ' p-element' with properties similar to Pb which has a ground-state configuration [Xe]4 f 14 5d 10 6s 2 p 2 . However, it should be noted that, contrary to Rf, Pb has a closed 5d shell and a large energy gap of more than 4 eV between its ground state and the next higher state.
A more recent MCDF calculation using 468 jj-configurations by Glebov et al. [98] gave a (80%) 6d7s 2 7 p groundstate configuration for Rf with the 6d 2 7s 2 level (95%) only 0.5 eV higher. This calculation predicted the 7s 2 7 p 2 state 2.9 eV above the ground state.
The 6d7s 2 7 p ground-state configuration was confirmed in a similar MCDF calculation by Johnson et al. [99] with an energy gap of only 0.24 eV to the next higher state.
Relativistic coupled-cluster calculations based on the Dirac-Coulomb-Breit Hamiltonian (CCSD) including dynamical correlations by Eliav et al. [100] reverted to the 6d 2 7s 2 configuration as the ground state of Rf. Here, the 6d7s 2 7 p state is 0.274 eV above the ground state. From MCDF calculations, ionization potentials, atomic radii, and ionic radii were deduced [99, 101] . Zhuikov et al. [101] found that radii, orbital energies, and ground levels of ionized states of Rf are similar to Hf and much different from Pb so that it was concluded that there is no solid ground for expecting a ' p-character' for Rf and that its chemical properties will resemble those of Zr and Hf. From a relativistic SCF-Xα scattering wave Dirac-Fock computation for RfCl 4 , a lower effective charge of the central metal ion and a higher covalency in the metal-chloride bonds was obtained [101] .
Quantum chemical calculations using the Dirac-Slater Discrete Variational Method (DS DVM) were performed by Ryshkov et al. [102] to study the electronic structure of the group-4 tetrachlorides and of PbCl 4 and of the highest chlorides of the group-4, group-5, and group-6 elements by Pershina and Fricke [103] . These calculations agree in that the electronic structures of RfCl 4 and HfCl 4 are similar and that the bonding is typical for a d-element compound.
More recently, Pershina et al. [104] determined free energy changes of the fluoride complex formation reactions in aqueous solutions on the basis of fully relativistic density functional theory calculations. It was shown that the strength of the complexes decreases in the sequence Zr ≥ Hf > Rf > Th. On a cation-exchange resin, this should cause the following trend in K d values: Zr ≤ Hf < Rf < Th at a given fluoride-ion concentration. Due to a predominant electrostatic interaction between the central ions and ligands, there is a reversed dependence between the ionic radii (Zr 72 pm, Hf 71 pm, Rf 76 pm, Th 94 pm) and the strengths of the complexes predicting the sequence Zr ≈ Hf < Rf < Th.
Experimental results
The first aqueous-phase separations of Rf were performed by Silva et al. [18] with a cation-exchange chromatography column and the chelating reagent α-hydroxyisobutyric acid (α-HIB). Rf was eluted together with Zr and Hf from the column while the trivalent actinides were strongly retained on the column. The chloride complexation of Rf was investigated in an automated solvent extraction chromatography experiment with the quaternary ammonium chloride Aliquat 336 on an inert support as stationary phase and 12 M HCl as the mobile phase by Hulet et al. [19] . Under these conditions, Zr, Hf, and Rf were extracted into the amine while the trivalent actinides were not retained on the column. The Rf, together with the Hf tracer, was then eluted in 6 M HCl. Although only six α decays of 261a Rf were detected, this experiment demonstrated that the chloride complexation of Rf is similar to that of Hf and much stronger than that of the actinides [19] .
A series of manually performed separations of 261a Rf from aqueous solutions was performed by the Berkeley group [63] [64] [65] [66] [67] [68] . Liquid-liquid extractions with TiOA from 12 M HCl [64] confirmed the results of Hulet et al. [19] . Cationic species were investigated by extraction into thenoyltrifluoroacetone (TTA). A distribution coefficient for Rf between those of the tetravalent pseudo homologs Th and Pu indicated that Rf is less affected by hydrolysis than Zr, Hf, and Pu.
Czerwinski et al. [65] 4+ . This was interpreted in terms of stronger chloride complexing in Rf than in Zr, Hf, and Th, leading to the formation of RfCl 6 2− which is not extracted into TBP. Extraction studies at a constant concentration of 12 M Cl − showed that Rf extraction is sharply increasing with increasing H + concentration between 8 M and 12 M [65] . Such behavior is not exhibited by Zr and Hf. As some of these extraction experiments suffered from differences in the details of the chemical procedures applied to the different elements, e.g., different contact times and volumes used, it is important to confirm these very interesting findings in an experiment that establishes identical conditions for all homologous elements including Rf.
Kacher et al. [67] performed some additional chloride extractions into TBP/benzene with Zr, Hf, and Ti. The reported low extraction yields of Hf by Czerwinski et al. [65] could not be reproduced by Kacher et al. [67] who reported that they observed that significant amounts of Hf (more than 50% in some cases) stick to teflon surfaces. (They actually conducted their subsequent experiments with polypropylene equipment because only negligible adsorption was observed with polypropylene surfaces.) The Hf results from the experiments performed by Czerwinski et al. [65] were based on on-line data taken at the cyclotron where the activity was collected on a Teflon disc which according to [66] accounts for the seemingly low Hf extraction. Surprisingly, a similar loss of Rf due to adsorption in the experiments of Czerwinski et al. [65] was not suspected by Kacher et al., and so the latter authors, based on their new Zr-, Hf-, and Ti-results and on the old [65] Rf results, suggested a revised sequence of extraction into TBP/benzene from around 8 M HCl as Zr > Hf > Rf > Ti. In a parallel study of liquid-liquid extractions into TBP/benzene from HBr solutions, extraction of Rf was found to be low and was only increased for bromide concentrations beyond 9 M [67] . The extraction behavior of the group-4 elements into TBP from both HCl and HBr solutions was primarily attributed to their different tendencies to hydrolyze [67] . The latter statement refers to concurrent work by Bilewicz et al. [66] who studied the sorption of Zr, Hf, Th, and Rf on cobalt ferrocyanide surfaces. These ferrocyanides are known to be selective sorbents for heavy univalent cations such as Fr + , Cs + , and Rb + . However, some ferrocyanides such as Co ferrocyanide have been found to exhibit also particularly high affinities for tetravalent metal ions such as Zr 4+ , Hf 4+ , and Th 4+ involving the formation of a new ferrocyanide phase between the 4+ cation and the Fe(CN) 6 4− anion. The first hydrolysis step of a 4+ cation is shown in the following reaction
On the left hand side of Eq. (8) we have the hydrated 4+ cation, on the right hand side the first hydrolysis product being a 3+ cation. As 3+ cations are essentially not sorbed by ferrocyanide surfaces, the onset of hydrolysis at decreasing HCl concentration in the aqueous phase will be reflected by a rapid decrease of the sorbed activity. This decrease was observed by Bilewicz et al. [66] below 3 M HCl for Rf, below 1 M HCl for Zr, and below 0.5 M HCl for Hf, establishing seemingly a hydrolysis sequence Rf > Zr > Hf. As hydrolysis increases with decreasing radius of the cation, the stronger hydrolysis of Rf is very surprising and in conflict with the results of Czerwinski [63] , Bilewicz et al. [66] suggested as an explanation that the predominant coordination number (x in Eq. (8)) for Zr 4+ and Hf 4+ is 8, and changes to 6 for Rf due to relativistic effects making the 6d 5/2 orbitals unavailable for ligand bonding of water molecules. Günther et al. [75] have shown that this does not withstand a critical examination. It is the present author's opinion that some experimental deficiency and not the increased tendency of Rf to hydrolyze produced the surprising results of Bilewicz et al. [66] . For example, the contact time of the aqueous phase with the ferrocyanide surface was only 10 s in the Rf experiments. In a kinetic study, the authors found that Zr and Hf sorbed within 20 s and 40 s, respectively, while Th required more than 90 s to achieve nearly complete sorption [66] . It is conceivable that, within the 10 s interaction of the aqueous phase in the Rf experiments, no equilibrium was established thus making the Rf data meaningless.
A study of the extraction of fluoride complexes of Ti 4+ , Zr 4+ , Hf 4+ , and Rf 4+ into TiOA was also reported by Kacher et al. [68] . This work presents some evidence for extraction of 261a Rf into TiOA from 0.5 M HF, however no quantitative assessment of the extraction yield or K d value is made so that the conclusion of Kacher et al. [68] that the extraction into TiOA for the group-4 elements decreases in the order Ti > Zr ≈ Hf > Rf is not reproducible.
In view of the somewhat unsatisfactory situation with the conflicting Hf results by Czerwinski et al. [65] and Kacher et al. [67] and with the intention to establish an independent set of data characterizing the extraction sequence of Zr, Hf, and Rf from 8 M HCl into TBP, Günther et al. [75] determined distribution coefficients of these elements from HCl solutions. In 8 M HCl, the K d of Zr is 1180 and that of Hf is 64. This difference makes possible a chromatographic separation of Hf from Zr in ARCA II on 1.6 mm i.d. × 8 mm columns filled with TBP on an inert support. This separation was also studied with the short-lived 169 [84, 85] , and Strub et al. [79] . In the work of Szeglowski et al. [83] , 261a Rf transported to the chemistry apparatus on line was continuously dissolved in 0.2 M HF, and the solution was passed through three ion-exchange columns. In the first cation-exchange column, the transplutonium elements produced directly in the 18 O + 248 Cm reaction were removed from the solution. In the next anion-exchange column, 261a Rf was sorbed as RfF 6 2− , while the following cation-exchange column retained its cationic decay products. After the end of bombardment, the descendants 253 Fm and 253 Es were desorbed from the third column and detected off-line by α spectroscopy. Their detection was proof that Rf forms anionic fluoride complexes which are sorbed on an anion-exchange resin.
By selecting conditions such that the retention time, t r , is of the order of the nuclear half-life, T 1/2 , Pfrepper et al. [84, 85] 166 Yb by γ -ray spectroscopy. In order to determine the ionic charge of the Hf fluoride complexes, the concentration of the counter ion NO 3 − was varied. K d values were found to be 12.7 ± 1.8 ml/g with 0.2 M HNO 3 and 2.4 ± 0.8 ml/g with 0.5 M HNO 3 corresponding to an ionic charge of −1.9 ± 0.4 for the fluoride complex of Hf as determined from the slope of the plot of log K d vs. the logarithm of the concentration of the counter ion. From this, it was concluded that Hf probably forms Hf F 6 2− . This is evidenced also by Fig. 7 in which the K d values obtained by the online MCT technique are compared with those from a series of batch experiments performed in parallel with the same anion-exchange resin. From the good agreement, it was concluded that with the MCT technique, determination of the ionic charge of complexes of transactinides must be feasible.
In the application of the MCT technique to 261a Rf, Pfrepper et al. [85] cations exceed 10 4 mL/g resulting in a breakthrough volume in excess of 500 mL. Assuming the same conditions for their 261a Rf experiment [85] , it was decided to renew the cationexchange columns collecting the descendant fractions D 1 and D 2 every 12 h. This corresponded to eluent volumes of about 260 mL while the breakthrough volume was estimated to be about 10 3 mL. Thus, at first sight, breakthrough of the cationic 'daughter nuclides' was safely prevented. [85] concluded that Rf has properties of a close homologue of Hf and forms RfF 6 2− , the stoichiometry characteristic of Hf and other group-4 elements.
Kronenberg et al. [86] 3 on a strongly acidic cation-exchange resin can be estimated to be on the order of 800. Thus, the breakthrough volume for lanthanides and actinides in the experiments by Pfrepper et al. was not > 500 mL [85] but rather < 40 mL, i.e., Fig. 8 . Sorption of Zr, Hf, Th, and Rf on the cation-exchange resin Aminex A6 in 0.1 M HNO 3 at various HF concentrations. Off-line data are shown for Zr, Hf, and Th, and on-line data for Rf; re-evaluated data from [79] .
both the Hf and the Rf descendants were breaking through the cation-exchange columns in less than 2 h. to the formation of neutral or anionic fluoride complexes. The behavior of Zr and Hf is very similar (Hf sticking to the resin even at slightly higher HF concentrations). The elution of Th from the resin is observed at more than one order of magnitude higher HF concentrations, see Fig. 8 . These off-line data were compared with online data taken with ARCA II at the GSI Helmholtz center for heavy ion research, Darmstadt, using the UNILAC accelerator where short-lived Hf isotopes 166, 167, 168 Hf were produced in xn-reactions of a 12 C beam with an enriched 158 Dy target. There is general agreement between both sets of data.
On an anion-exchange resin, as expected, there is little sorption of Zr, Hf, and Th at low HF concentrations. In the range 10 −3 M < [HF] < 10 −2 M, the K d values of Zr and Hf in batch experiments rise simultaneously, i.e., in the same range as they decrease on the cation-exchange resin. This shows that the disappearance of the cationic species at increasing HF concentrations is followed immediately by the formation of anionic fluoride complexes. For Th, the sorption on the anion-exchange resin stays low for all HF concentrations indicating that Th does not form anionic fluoride complexes.
In the Rf experiments [79] performed at the PSI Philips Cyclotron, 261a Rf was produced in the 248 Cm( 18 O, 5n) reaction at 100 MeV. The target contained 10% Gd enriched in 152 Gd to produce simultaneously short-lived Hf isotopes that were used to monitor the behavior of Hf and to perform yield checks by γ spectroscopy. Rf and Hf were transported by a He(KCl) gas jet and were collected for 90 s by impaction inside ARCA II. The deposit was dissolved in 200 μL 0.1 M HNO 3 /x M HF (for different values of x) and was fed onto the 1.6 × 8 mm cation-exchange column at a flow rate of 1 mL/min. The effluent was evaporated to dryness as sample 1. In order to elute remaining Rf and Hf from the column, a second fraction of 200 μL 0.1 M HNO 3 /0.1 M HF was collected to strip all group-4 elements from the column. This fraction was referred to as sample 2.
In the anion-exchange experiments, Rf and Hf were transported, collected and loaded onto the anion-exchange column as in the experiments with the cation-exchange columns. Again, the effluent was evaporated to dryness as sample 1. In order to elute remaining Rf and Hf from the column, a second fraction of 200 μL 5 M HNO 3 /0.01 M HF was used. This fraction was prepared as sample 2. K d values are often calculated as follows:
with A s specific activity in the solid phase (Bq/g), A l activity concentration in the liquid phase (Bq/mL), A s0 activity in the solid phase (Bq) [83] , and Pfrepper et al. [85] . Therefore, the concentration of HNO 3 was varied [79] 
This was the starting point for a new series of experiments with anion-exchange chromatography with Aminex A27 in which the HNO 3 and the HF concentration were varied systematically by Strub et al. [106] . The following observations were made: The observation 1) suggested that the NO 3 − ion acts as a counter ion competing for the binding sites on the anionexchange resin with the group-4 fluoride complexes. Based on observation 2), a second counter ion discussed by Strub et al. [106] is the HF 2 − -ion that is the dominant anion above an initial HF concentration of 0.3 M.
We note that in the work of Kronenberg et al. [86] there were two MCT experiments performed with 261a Rf using 0.5 M HF/0.1 M HNO 3 and 0.01 M HF, respectively. In the first case, the cation-exchange columns were filled with 330 mg of Dowex 50 W × 8 and were used for 3 h to prevent breakthrough of the cationic descendants. The anionexchange column in between was filled with 50 mg of the anion exchange resin Dowex 1 × 8 in the nitrate form. In the second case, the cation-exchange columns were filled with 68 mg Dowex 50 W × 8 and used for 4 h, and the anionexchange column with 17 mg of Dowex 1 × 8 in the fluoride form. Each experiment was run for 24 h at an average beam intensity of 3 × 10 12 s −1 . The first experiment with 0.5 M HF/0.1 M HNO 3 was performed to corroborate the low K d values obtained by Strub et al. [79] with ARCA II on an anion-exchange resin. A total of 80 α decays were observed attributable to 253 Es in the sample 1 representing the liquid phase and no event in the strip fraction representing the solid phase. Taking zero to be compatible with 3 events at 95% confidence level in Poisson statistics, leads to an upper limit for the K d value of Rf of < 3 which is rather consistent with the data of Strub et al. [79] , but not with the value in 0.27 M HF/0.1 M HNO 3 obtained by Pfrepper et al. [85] .
In the second experiment, performed in pure 0.01 M HF without any HNO 3 , 90 events attributable to 253 Es were observed in the strip fraction representing the solid phase and zero events in the liquid phase. This leads to a lower limit for the K d value on the order of 300 compatible with the one measured with ARCA II in pure 0.01 M HF by Strub et al. [106] . In summary, one can state that the K d values for Rf obtained with the MCT, i.e., low in 0.5 M HF/0.1 M HNO 3 and high in 0.01 M HF, are consistent with the ones determined with ARCA II.
The formation of anionic chloride complexes of Zr, Hf, and Rf above 7 M HCl through 9.5 M HCl was shown in experiments with AIDA by Haba et al. [107] indicating that the complexing strength in the group-4 elements decreases in the order Rf > Zr > Hf. A hypothetical Th-like or Pu-like behavior of Rf was probed with an anion-exchange resin in 8 M HNO 3 in experiments with AIDA. While Th(VI) and Pu(VI) form anionic complexes under these conditions and are sorbed on the anion-exchange resin, Rf remains in solution [107] as expected for a typical group-4 element with non Th-like and non Pu-like properties.
The anion-exchange chromatographic behavior of Rf was investigated by Haba et al. [108] in 1.9-13.9 M HF and compared to that of Zr and Hf. As HF is a weak acid, equilibration among HF, H + , F − , and HF 2 − in aqueous solution is established by the chemical equations
with K 1 = 935 M −1 and K 2 = 3.12 M −1 for the first (Eq. 10) and the second (Eq. 11) equilibria, respectively. The insert of Fig. 9 Fig. 9 is explained as the displacement of the metal complex from the binding sites by HF 2 − as the dominant anionic species in solution.
In 
According to the Glückauf equation of chromatography, the eluted activity A(v) with the effluent volume v is
where A max , N, and v peak are the maximum peak height, the number of theoretical plates, and the peak volume, respectively. The results of the fit of Eq. (12) are shown as solid or dotted curves in Fig. 10 . In the dynamic chromatographic system, the K d value is
where m r is the mass of the dry resin. In From the radioactivities A 1 and A 2 observed in fractions 1 and 2, respectively, the percentages %ads were evaluated using the equation
The %ads values of Zr, Hf, and Rf are shown in Fig. 12 [104] where the free energy change for various steps of fluorination of Rf was compared to those of Fig. 15a . The solid broken, and dotted curves are results of theoretical calculations in which the log K d is related to the formation constants K n (n = 1-6). From this, it is concluded that the maximum possible value of the formation constant K 6 of Rf is at least one order of magnitude smaller than K 6 of Zr and Hf. Under the assumption that the equilibrium constant of the exchange reaction of MF 6 2− with the anion-exchange resin for Rf is equal to those of Zr and Hf (D 2 = 5 × 10 5 ), a K 6 for Rf results that is approximately three orders of magnitude smaller than those of the lighter homologs. In Fig. 15b , the slopes of the linear correlations of log K d vs. log[NO 3 − ] are plotted which are consistently −2, indicating that the stoichiometry of the fluoride complexes is MF 6 2− in the given rage of [F − ] eq . For Rf, this has been shown at a fixed equilibrated concentration [F − ] eq = 3.0 × 10 −3 M, see Fig. 16 .
Here, again, the much weaker complexation of Rf by the fluoride ion is apparent compared to that of its homologs. A qualitative explanation comes from the Hard Soft Acid Base (HSAB) concept. The small fluoride anions are hard donors and prefer the smaller acceptor ions Zr and Hf. The much larger (softer) Rf acceptor ion tends to prefer larger (softer, more polarizable) donor ligand ions like Cl − , see [107] .
The extraction behavior of Rf into tributylphospate from hydrochloric acid (see Günther et al. [75] ) was reexamined in reversed-phase extraction chromatography by 2 . This is in agreement with early relativistic calculations by Desclaux [94] and with a MCDF calculation by Fricke et al. [112] . Thus, a significant contribution of the 7 p 1/2 state to the ground state is not expected for Db. Atomic and ionic radii and the first through fifth ionization potentials were calculated by Fricke et al. [112] . Differences in the chemical behavior of element 105 to extrapolated properties of an eka-tantalum could result from a larger ionic radius, a different effective charge, and a different radial extension of the 6d orbitals which are most important in its molecular bondings (Pershina et al. [113] [114] [115] , Fricke et al. [112] , Pershina et al. [116] [117] [118] [119] [120] ). Redox potentials were estimated for the group-5 elements including the pseudo-homolog Pa on the basis of ionization potentials from MCDF calculations [112, 121] . It was shown that the stability of the pentavalent state is increasing from V to Db, while the stability of the tetra-and trivalent state is decreasing. Although it was found that the stability of the maximum oxidation state decreases when going from element 103 to 105, no extra stability of the trivalent state in element 105 was found [121] . It would be interesting to test this prediction in reduction experiments similar to the experiments performed on element 103 [122] .
DS DVM calculations allow to determine the degree of covalency in the bonding and the effective charge on the central atom in halide and oxyhalide compounds of the group-5 elements [113] [114] [115] [116] .
The electronic structure of the group-5 anionic complexes [ was calculated with the DS DVM code [119] . By applying Born's theory of phase transition between the aqueous phase and the organic phase (mixed HCl/HF solutions and TiOA), the extraction sequence Pa > Db > Nb was predicted which is the inverse sequence compared to that observed experimentally by Kratz et al. [69] . Due to the complicated situation in mixed HCl/HF solutions with possibilities to form mixed chloride/fluoride-or fluoride complexes, it was recommended to repeat the experiments in the pure HCl system [118] . While these new experiments were prepared by Paulus [123] , Pershina [119, 120] considered hydrolysis and complex formation of Nb, Ta, Pb, and Pa in HCl solutions as competing processes in equilibria such as
Here, the hydrolyzed species on the left is the one staying in the aqueous phase, and the chloride complex on the right is expected to be extracted into the amine phase. Calculations of the electronic structure of the hydrolyzed species of Nb, Ta, Db, and Pa, and of their complexes in HCl solutions were performed [119, 120] using the DS DVM method. On the basis of results of these calculations, relative values of the free energy change of the reactions of complex formation were determined [119, 120] . The order of complex formation above 4 M HCl was found to be Pa Nb > Db > Ta. This sequence is predominantly defined by the electrostatic energy of the metal ligand interaction. The hydrolysis of the chloride complexes, as a reversed process, was found to change as Ta > Db > Nb Pa. Using finally Born's theory of metal-ion extraction, the following trend in the extraction of the anionic species from aqueous solutions containing > 4 M HCl was predicted [120] : Pa Nb ≥ Db > Ta. This was the first time that detailed predictions of the aqueous-phase properties of these elements were made. It shows that a detailed analysis of the electronic structure of the compounds formed under specific conditions is necessary and leads to the prediction of an inversion of the trend of the properties when going from the 5d to the 6d elements.
Experimental results
First studies of the aqueous phase chemistry of element 105 were conducted by Gregorich et al. [55] . 2− under the chosen conditions. The higher charge would then prevent extraction even into solvents with a relatively high dielectric constant such as MIBK.
To investigate this unexpected finding and more facets of the dubnium chemistry, a large number of automated separations were conducted with the Automated Rapid Chemistry Apparatus ARCA II [80] . In the first experiments, extraction chromatography separations with the liquid anion exchanger TiOA on an inert support [69] were performed. TiOA extracts all group-5 elements including Pa, irrespective of the formation of mono-or polynegative anions, from HCl solutions above 10 M. At lower concentrations, selective back extractions allowed to distinguish between the chemical behavior of Nb, Ta, Pa, and Db. Small amounts of HF (typically 0.02 M) were added to the HCl solutions as this is recommended in the literature by Korkisch [124] to prevent hydrolysis and 'to maintain reproducible solution chemistry' of the group-5 elements. Element 105 was shown by Kratz et al. [69] to extract into the TiOA on the chromatographic columns in ARCA II from 12 M HCl/0.02 M HF as do Nb, Ta, and Pa, due to the formation of anionic halide complexes. In subsequent elutions, the elution positions of element 105 relative to those of Nb, Ta, and Pa were determined [69] in 10 M HCl/0.025 M HF, in 4 M HCl/0.02 M HF, and in 0.5 M HCl/0.01 M HF [72] . 2198 collection and separation cycles on a one-minute time scale [69, 72] were necessary to obtain the results shown in Fig. 17 .
It is seen that element 105 shows a striking non Talike behavior and that it follows, at all HCl concentrations below 12 M, the behavior of its lighter homolog Nb and that of its pseudo-homolog Pa. From this similarity, it was − , and the preferential formation of oxyhalide complexes of element 105 was also predicted theoretically [118] . As explained above, due to the complicated situation in mixed HCl/HF solutions, it was recommended [118] to repeat the experiments in the pure HCl system.
The proximity of the Db behavior in the TiOA experiments to Pa was the reason for performing a series of extractions of Db into diisobutyl carbinol (DIBC), a secondary alcohol which is a specific extractant for Pa. The extraction from concentrated HBr in ARCA II was followed by the elution of a Nb fraction in 6 M HCl/0.0002 M HF, and a Pa fraction in 0.5 M HCl. The number of 262 Db decays observed in the Nb fraction indicated that less than 45% of the Db was extracted into DIBC and the extraction sequence Db < Nb < Pa was established by Gober et al. [71] . This was tentatively attributed to an increasing tendency of these elements to form non-extractable polynegative complex species in the sequence Pa < Nb < Db.
Another series of experiments with Db used its complexation by the α-hydroxyisobutyrate anion (α-HIB), (CH 3 ) 2 COH-COO − , which depends strongly on the charge of the metal ion [47, 70] . Elutions from cation exchange columns in ARCA II with unbuffered 0.05 M α-HIB showed that Db, together with Nb, Ta, and Pa, elutes promptly (within 4 s) while tri-and tetravalent ions are strongly retained on the resin [70] . This provided an unambiguous proof that pentavalent Db is the most stable valence state in aqueous solution. These separations, being fast and very clean, were also used to detect the hitherto undiscovered isotope 27 s 263 Db produced in the 249 Bk( 18 O, 4n) reaction [47, 70] . As suggested by Pershina et al. [118] , the amine extractions of the group-5 elements were systematically revisited by Paulus et al. [77, 78, 123] . Pershina [119, 120] , by considering the competition between hydrolysis and halide complex formation, predicted the extraction sequence Pa Nb ≥ Db > Ta, as mentioned above. K d values for Nb, Ta and Pa were measured in new batch extraction experiments with the quaternary ammonium salt Aliquat 336 and pure HF, HCl, and HBr solutions [77, 78, 123] . Based on these results, new chromatographic column separations with ARCA II were elaborated to study separately the fluoride and chloride complexation of element 105. As an example, the separation of Eu-, Ta-, Nb-, and Pa tracers in the Aliquat 336/HCl system is shown in Fig. 18 . After feeding of the activities onto the column in 10 M HCl (whereby the disturbing actinides modelled by trivalent Eu run through the column), Ta is eluted in 6 M HCl, Nb in 4 M HCl, and Pa in 0.5 M HCl [77, 78, 123] . 1307 experiments were conducted with element 105 with a cycle time of 50 s. In the system Aliquat 336/HCl, after feeding of the activity onto the column in 167 μL 10 M HCl, a Ta fraction was eluted in 183 μL 6 M HCl as is shown in Fig. 18 . This as followed by stripping of a combined Nb, Pa fraction from the column in 167 μL 6 M HNO 3 /0.015 M HF. From the distribution of α decays between the Ta fraction and the Nb, Pa fraction, a K d value of 438 +532 −166 for element 105 in 6 M HCl was deduced which is close to that of Nb and differs from the values for Pa and Ta, see Fig. 19 . Thus, the extraction sequence Pa > Nb ≥ Db > Ta is established exactly as theoretically predicted [119, 120] .
In the system Aliquat 336/HF, the reaction products were loaded onto the column in 167 μL 0. [123] . The system shows the inverse extraction sequence as compared to the TiOA/HCl/HF system (Fig. 17) as theoretically predicted [120] . Reproduced with the permission of Oldenbourg Wissenschaftsverlag, München (Paulus et al. [78] ).
in 4 M HF of > 570 which is close to that of Nb and Ta  (≥ 10 3 ) and differs markedly from that of Pa (∼ 10). It is satisfying to see that not only the extraction sequence in the system Aliquat 336/HCl is correctly predicted by theory [120] but that the calculated free energy changes of the reactions of complex formation are on the order of 12 eV for the fluorides, 20 eV for the chlorides, and 22 eV for the bromides [125] (not taking into account the Gibbs free energy of formation of H 2 O which is 3 eV) which, again, is in agreement with the experimental findings: For the fluorides, the equilibrium is always on the right hand side of Eq. (16) even at low HF concentrations [123] ; for the chlorides, it takes > 3 M HCl to form extractable chloride complexes and for the bromides, the threshold is shifted to > 6 M HBr [123] .
Anion-exchange chromatography of Db produced in the 248 Cm( 19 F, 5n) 262 Db reaction was investigated by Tsukada et al. [126] together with the homologs Nb and Ta and the pseudo-homolog Pa with the anion-exchange resin CA08Y in 13.9 M HF solution. For Nb and Ta, elution curves were determined and K d values were determined with fits by the Glückauf equation. The latter were again correlated with %ads values, and the correlation was used to determine a K d from the %ads values of 262 Db and 170 Ta in 13.9 M HF solution. The variation of the K d values of Db, Nb, Ta, and Pa on the anion-exchange resin CA08Y as a function of [HF] ini are shown in Fig. 20 . The results indicate that the sorption of Db on the resin is significantly different from that of the homologs and that the sorption decreases in the sequence Ta ≈ Nb > Db > Pa. The measurement of distribution coefficients at differen HF concentrations is necessary to determine the chemical forms of the group-5 elements to compare the experimental adsorption sequence with that from theoretical predictions.
In solutions with more dilute fluoride ion concentration, Kasamatsu et al. [127] have ascertained the well-known significantly different anion-exchange behavior between Nb and Ta in mixed HF/HNO 3 and have measured the K d [105, 108] , and the values agree well with the batchwise determined values. The K d value of Db was evaluated from its %ads in the same way as described in [105, 108] . It was found that the adsorption of Db on the resin is considerably weaker than that of Ta and is similar to that of Nb and Pa. The results were interpreted as to suggest that Db forms a fluoro-oxo complex [ 
Pershina [16] associates this with two different extraction mechanisms. In the HCl case, the mechanism of formation of an adduct is valid:
The process of the molecule transfer (ΔG t 
Here, the free energy of transfer is determined by the sizes of the extracted species leading to the sequence U < Mo < W. The distribution coefficient is finally dependent on the complex formation and on the partition of the complexes between the phases. Details of the electronic structure of the anionic complexes existing in HF solutions still need to be studied.
Based on MCDF calculations of the ionization potentials for all oxidation states of the group-4 elements [130] , Pershina et al. [131] made use of a linear correlation between the calculated ionization potentials and the redox potentials of the group-6 elements to predict the reduction potentials of the various oxidation states of seaborgium in acid solutions. For example, the reduction potential E
• (Sg VI /Sg III ) is − 0.46 V. Thus, it might be interesting to attempt to reduce seaborgium by contact with a strongly reducing metal such as Al (E • = − 1.662 V) in future experiments. Throughout the transactinide series, the stability of the maximum oxidation state decreases in the sequence Rf > Db > Sg.
Relativistic molecular density-functional calculations of the electronic structure of hydrated and hydrolyzed species have been performed by Pershina and Kratz [132] for the group-6 elements Mo, W, and Sg. By use of the electronic density distribution data, relative values of the free energy changes and constants of hydrolysis reactions were defined. The results show hydrolysis of the cationic species with the formation of neutral molecules to decrease in the order Mo > W > Sg which is in agreement with experiment for Mo, W, and Sg. For the further hydrolysis process, with the formation of the anionic species, the trend is predicted to be reversed: Mo > Sg > W. A decisive energetic factor in the hydrolysis process is the predominant electrostatic metalligand interaction.
In 1993, working at the Dubna gas-filled recoil separator, a Dubna-Livermore collaboration headed by Lazarev et al. [133] 265 Sg, assuming a hindrance factor between 1 and 3. Measurements of the life times could not be performed as the implantation signals in the position-sensitive surface barrier detector were below the detection threshold. The estimated half-lives were felt to be rather encouraging for the planned chemistry experiments with these seaborgium isotopes. Note that due to the work by Dvorak et al. [41, 42] and Düllmann and Türler [50] , the assignments in [133] need to be corrected: In the chemistry experiments, all decay chains observed in the reaction 248 Cm( 26 Mg, xn) 270−x Sg which were originally attributed to 266 Sg, originated from 265 Sg [50] . In 1995, the first study of the chemical properties of seaborgium in aqueous solution was performed. A short account of these experiments and their results was published by Schädel et al. [73] . Here, we give a more up-to-date report on the experiments including the results of a follow-up experiment performed in 1996. These involved the Automated Rapid Chemistry Apparatus, ARCA II [80] , that has been successful in studying chemical properties of element 105 [69, 77, 78] , and of element 104 [75, 79, 106] in aqueous solutions.
Several chemical systems were tested with the fission products 93 Y, 97 Zr, and 99 Mo, and W isotopes produced in the 20 Ne + 152 Gd reaction [135] at the PSI Philips cyclotron. α-hydroxyisobutyric acid solutions of 5 × 10 −2 M, pH = 2.65 or pH = 5 used to elute W in a rapid, one-stage separation from cation-exchange columns provided a good separation from Hf and Lu. Likewise, solutions with 0.1 M HCl and various HF concentrations between 10 −4 M and 10 −2 M were eluting W rapidly while Hf was safely retained on the column below 10 −3 M HF. Hf was observed to be partially eluted for ≥ 2.8 × 10 −3 M HF in 0.1 M HCl. Finally, the decision was made to use a solution of 0.1 M HNO 3 /5 × 10 −4 M HF to elute a seaborgium fraction from cation exchange columns [57] in order to avoid the formation of mixed chloride-fluoride complexes which are difficult to model. [MO 2 F 3 
(H 2 O)]
− is a likely form of the complexes that are eluted, but neutral species such as MO 2 F 2 cannot be excluded. Some problems were encountered with adsorption of the activities on the slider in ARCA II. Among the various materials tested, titanium showed the lowest losses of W and Hf due to adsorption. Fig. 21 shows the elution curve for short-lived W isotopes from the reaction of 20 Ne with enriched 152 Gd. The activity was transported to ARCA II with a He(KCl)-jet within about 3 s and deposited on a titanium slider, dissolved and washed through the 1.6 mm i. Three correlated αα-mother-daughter decays were observed that were assigned to the decay of 261a Rf and 257 No as the decay products of 265 Sg. The three correlated events have to be compared with an expectation value of 0.27 for random correlations. This gives a probability of 0.24% that the three events are random correlations. As the mother decays were not observed, it is important to note that 261a Rf and 257 No can only be observed if the mother, 265 Sg, passed through the column because group-4 elements and No are strongly retained on the cation exchange columns in ARCA II. Most likely, the decay of 265 Sg was not observed because it decayed in the time interval between the end-of-separation and the start-of-measurement which was equivalent to four halflives. That the columns really retained 261a Rf was demonstrated in an experiment where 261a Rf was produced directly in the 248 Cm( 18 O, 5n) reaction at the PSI Philips cyclotron [79] , and processed in the seaborgium chemistry in 0. No pair was observed. With an expected number of random correlations of 0.5 this is likely (the probability is 30%) to be a random correlation. From the beam integral and the overall yield as measured simultaneously for 169 W (27% including jet transportation and chemical yield), a total of 5 correlated events was to be expected. This tends to indicate that, in the absence of fluoride ion, there is sorption of seaborgium on the cation-exchange resin.
This non-tungsten like behavior of seaborgium under the given conditions may be attributed to its weaker tendency to hydrolyze:
The measured equilibrium constants for this stepwise deprotonation scheme for Mo and W have been collected from the literature [132] . They show that Mo is more hydrolysed than W, and that the deprotonation sequence for Mo and W at pH = 1 reaches the neutral species MO 2 (OH) 2 (H 2 O) 2 . Assuming the deprotonation processes for Sg to be similar to those of Mo and W, Eqs. (19)- (22), Pershina and Kratz [132] predict that the hydrolysis of the cationic species to the neutral species decreases in the order Mo > W > Sg which is in agreement with the experimental data on hydrolysis of Mo and W and with the results for Sg [76] for which the deprotonation sequence ends earlier with a cationic species such as SgO(OH) 3 (H 2 O) 2 + which sorbs on a cation-exchange resin. It is interesting to recall that a decreasing tendency to hydrolyze (Nb > Ta > 105 > Pa) was reported [120] to determine the extraction of the group-5 chlorides into aliphatic amines. Thus, a similar behaviour in the neigbouring group-6 is apparent.
Looking back to the experiments in [74] where fluoride ions were present having a strong tendency to replace OH − ligands, it appears plausible that, in this preceding experiment, neutral or anionic species were formed:
Thus, the presence of fluoride ions seems to be an important prerequisite for future experiments in which the K d value of Sg on an anion-exchange resin is to be determined with the MCT technique [136, 137] and to be compared to that of Mo and W. Another attractive future experiment could be an attempt to reduce Sg(VI) to Sg(III) in 0.1 M HCl/0.1 M HF and to distinguish the two oxidation states on an anion-exchange column where the reduced species, in contrast to the oxidized species, is being eluted [138] . Standard reduction potentials of seaborgium in acid solutions have been calculated by Pershina et al. [131] using the multiconfiguration Dirac-Fock method predicting that the reduction of Sg(VI) to Sg(III) should be feasible experimentally.
Hassium, Hs (element 108)
Theoretical predictions
As the presumably very volatile tetroxide of hassium is an attractive object for a chemical characterization, fully relativistic density functional calculations of the electronic structure of the group-8 tetroxides MO 4 (M = Ru, Os, and Hs) have been performed by Pershina et al. [139] . They found that the covalence and stability of the tetroxides increase from OsO 4 to HsO 4 . By using various models of molecule-surface interaction and by adjusting the adsorption enthalpy for OsO 4 to the experimental value (−38 kJ/mol), standard adsorption enthalpies of − 40.4 ± 1.5 kJ/mol and −36.7 ± 1.5 kJ/mol were predicted for RuO 4 and HsO 4 , respectively. Thus, HsO 4 was expected to be as volatile as OsO 4 , with the difference in the adsorption enthalpy being on the order of the experimental uncertainties. The trend in the predicted volatility of the group-8 oxides was, therefore, supposed to be RuO 4 < OsO 4 ≤ HsO 4 . This sequence would also correspond to the idea that increasing volatility corresponds to increasing covalence of the tetroxides. More recent theoretical developments regarding the adsorption enthalpy of HsO 4 triggered by the experimental results are discussed below. The interaction of HsO 4 with aqueous NaOH was modelled by Pershina [140] and was predicted to be weaker than that of OsO 4 .
Experimental results
Following the example of Zhuikov [141] , several groups have adopted the in-situ production of volatile tetroxides directly behind the target by adding oxygen (typically 10%) to the carrier gas that contains no aerosol particles [142] [143] [144] . Typically, the reaction products were transported with the carrier gas through a quartz column containing a quartz wool plug heated to some 600
• C at the exit of the recoil chamber providing a hot surface at which the oxidation of the group-8 elements to their tetroxides was completed. The latter were further transported through a teflon capillary to the detection system. Using thermochromatography at low temperatures, Düllmann et al. [145] measured the temperature at which HsO 4 deposits with their cryo online detector COLD, which also served as detection system for the isotopes 269,270 Hs. COLD consists of 12 pairs of silicon PIN-diodes mounted at a distance of 1.5 mm to each other inside a copper bar. A temperature gradient from −20
• C to −170 • C was established along the detector array. The efficiency for detecting a single α particle was 77%. COLD [146] was an improved version of a previous setup called the cryothermochromatography separator CTS [143] . An alternative approach was followed by von Zweidorf et al. [144] . In their experiment, the tetroxides were allowed to deposit on a thin layer of humid NaOH faced at a distance of ca. 1 mm by an array of silicon PIN-diodes. This system had an efficiency of 45% for detecting a single α particle. For OsO 4 , the deposition is due to the formation of an osmate(VIII) of the form Na 2 [OsO 4 (OH) 2 ] where OsO 4 acts as an acid anhydride.
In the first experiment by Düllmann et al. to characterize the volatility of HsO 4 the COLD array was used [145] . The experimental setup involved three banana-shaped 248 Cm targets mounted on a rotating target wheel that was bombarded with up to 8 × 10 12 26 Mg 5+ ions per second, delivered by the UNILAC accelerator at GSI, Darmstadt. The projectile energy was ∼ 146 MeV inside the 248 Cm targets. The functioning of the entire experiment was checked at the beginning and after the Hs experiment by mounting a 152 Gd target and by producing 19.2 s 172 Os which has an α-decay branch of 1%. The experiment to produce Hs lasted 64.2 h during which a total of 1.0 × 10 18 26 Mg ions passed through the targets. Seven correlated decay chains were observed. The maximum of the Hs distribution was found at a temperature of −44 ± 6
• C, that for the Os distribution at −82 ± 7
• C. The adsorption enthalpy was extracted from the data by a Monte Carlo simulation with the value of ΔH a being a free parameter. The results that best reproduce the experimental data suggest an adsorption enthalpy of −46 ± 2 kJ/mol for HsO 4 and −39 ± 1 kJ/mol for OsO 4 on the silicon nitride surface of the detectors. The significantly lower volatility of HsO 4 as compared to that of OsO 4 has been a surprize as a similar or slightly higher volatility for HsO 4 had been predicted [139, 140] . The apparent discrepancy between experiment and theory has triggered new theoretical efforts by Pershina et al. [146] ; in this work, fully relativistic four-component density functional theory calculations were performed on MO 4 (M = Ru, Os and Hs). Implementation of the noncollinear spin-polarized approximation in the method and the use of large optimized sets of numerical basis functions resulted in a high accuracy of the calculated molecular properties, especially the molecular polarizabilities. The latter have fully reproduced the experimental values for RuO 4 and OsO 4 and have shown a dramatic increase in the polarizability, by 8.95 a.u., for HsO 4 in comparison with the old value [139] . This lead to a new theoretical value for ΔH ads = − 45.4 ± 1 kJ/mol for HsO 4 [146] which is now in perfect agreement with experiment.
In the work by von Zweidorf et al. [147] , 269 Hs was also produced in the 248 Cm( 26 Mg, 5n) reaction. In the CALLISTO experiment (Continuously working Arrangement for cLuster-Less transport of In-SiTu produced volatile Oxides), an admixture of 152 Gd to one of the three banana shaped rotating target segments simultaneously produced α-emitting 19.2-s 172 Os and 22.4-s 173 Os. The evaporation residues were oxidized in-situ behind the target in a mixture of He and O 2 and transported to a deposition and detection system. The latter consisted of 16 PIN diode detectors facing in close geometry a layer of NaOH which served, in the presence of a certain partial pressure of water in the transport gas, as a reactive surface for the deposition of the volatile 
Thus, CALLISTO has shown that HsO 4 like OsO 4 is an acid anhydride and forms with NaOH a hassate(VIII) in analogy to the known osmate(VIII), i.e. a salt. Fig. 22 shows the distribution of the deposited amount of OsO 4 and HsO 4 as a function of the detector position. While the majority of the Os activity is centered in front of detector 1 and tails into the subsequent positions, the five α-decay chains of 269 Hs are centered in front of detector position 3. In [147] it was not claimed that this indicates a lower reactivity of HsO 4 with respect to moisturized NaOH as compared to OsO 4 , however, theoretical work by Pershina [140] predicts interestingly that the hassate(VIII) should be more covalent than the osmate(VIII) and HsO 4 should react slightly weaker with NaOH (by less tha 52 kJ/mol) than OsO 4 .
Outlook
Omtvedt et al. [148] have given a status report on the SISAK liquid-liquid extraction system as used after the physical preseparator BGS at LBNL for chemical studies of transactinides. The article describes the recent extension of SISAK to include a second extraction step in which the activity remaining in the aqueous phase after the first extraction stage is transferred to a second organic phase. This way, the amount of radionuclides in the two phases exiting the first extraction stage can be measured by LSC simultaneously, allowing direct determination of the distribution ratio. This report also contains a brief description of the chemical systems developed or being developed. For Rf, an account of extractions from sulphuric acid into tri-octylamine in toluene is given where an extraction sequence Zr > Hf ≥ Rf is observed in accordance with theoretical calculations. Extractions of Nb and Ta, homologs of Db, from sulphuric acid into TOA in toluene using SISAK are decribed [149] as well as suitable separation systems for Sg and Bh [148] . For Hs, following the approach by von Zweidorf et al. [147] , Samadani et al. [150] propose to dissolve the volatile HsO 4 in an aqueous solution of NaOH of variable molarity and to extract the HsO 4 (aq) into the organic phase. A proof-ofprinciple experiment with α-decaying Os isotopes behind the preseparator TASCA was performed recently [151] 
which can be rewritten as
where K 1 , K 2 , and K D are equilibrium constants for Eqs. (26), (27) , and (28), respectively. A fit of Eq. (30) to the experimental data (D vs.
[NaOH](aq)) for OsO 4 fixes the numerical values of these equilibrium constants [150] , and it will be interesting to compare these for HsO 4 , this way testing the predicted [140] lower reactivity of HsO 4 with aqueous NaOH relative to that of OsO 4 . An alternative online liquid-liquid extraction system called MicroSISAK is being developed by Hild et al. [152] . It is based on a microreactor produced by methods of microtechnology and precision engineering [153] . The microreactor, consisting of 2 × 15 interdigital channels, 30 μm wide, between wavy lamina, acts as a static mixer of the aqueous and organic phases. Its volume is on the order of 3 mm 3 . Subsequent phase separation occurs on a hydrophobous Teflon membrane of 0.5 μm pore size. The system can be heated to 60
• C from outside to reach extraction equilibrium in < 1 s. The flow rates of the phases are on the order of 0.2 mL/min thus reducing the flow by two orders of magnitude as compared to the existing SISAK system. This helps to avoid production of large volumes of radioactive waste solutions which are difficult to dispose.
Elements 108-116 are expected to be partially very noble metals. Thus, their electrodeposition on suitable electrode materials from aqueous solutions could be an attractive method for their isolation. It is known that the potential associated with the electrochemical deposition of radionuclides in metallic form from solutions of extremely small concentration is strongly influenced by the choice of the electrode material. This is reproduced by Eichler and Kratz [154] in a model in which the interaction between the microcomponent A and the electrode material B is described by the partial molar adsorption enthalpy and entropy of the metalmetal interaction. By combination with the thermodynamic description of the electrode process, a potential is calculated that characterizes the process at 50% deposition:
Here, ΔH(A − B) is the partial molar net adsorption enthalpy associated with the transformation of 1 mol of the pure metal A in its standard state into the state of 'zero coverage' on the surface of the electrode material B, ΔS vib is the difference in the vibrational entropies in the above states, n is the number of electrons involved in the electrode process, F is the Faraday constant, and A m the surface of 1 mol of A as a mono layer on the electrode material B [154] . For the calculation of the thermodynamic functions in Eq. (31), a number of models were used by Eichler and Kratz [154] and calculations were performed for Ni-, Cu-, Pd-, Ag-, Au-, and Pt-electrodes and the micro components Hg, Tl, Pb, Bi, and Po, thus confirming the decisive influence of the choice of the electrode material on the deposition potential. For Pd and Au, particularly large, positive values of E 50% were obtained, much larger than the standard electrode potentials (Nernst potentials) tabulated for these elements. This makes these electrode materials the prime choice for practical applications. An application of the same model for the superheavy elements still needs to be done, but one can anticipate that the preference for Pd and Au will persist. The latter are metals in which, due to the formation of the metallic bond, almost or completely filled d orbitals are broken up so that these metals tend in an extreme way towards the formation of intermetallic compounds with sp-metals. The perspective is to make use of these metals in the form of a tape on which the transactinides are electrodeposited and the deposition zone is subsequently stepped between pairs of Si detectors for α and SF spectroscopy. An attractive candidate for first applications of the method is 269 Hs. At the GSI Helmholtz center for heavy ion research, short-lived α-emitting Pb isotopes were produced and transferred to an electrolytic cell and deposited on a palladinated nickel tape. It was shown that the coupling of devices for collection, electrodeposition, and α-spectroscopy is feasible and might be of great use in superheavy element chemistry [155] .
